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Abstract. LOW-I'cso lutioll molecular models can provide a ppropriate a nd e ffk ient ways for 
s l,ud ying large biomo lecular systems such as the ribosome. We have develo ped co mputer cudes 
that lise t he Yammp Under Pyt.hon modeling package to ru;selllble 10w-rCl:iol ut io n force fields for 
RNA-protei n complexes, a nd t hat. con nect. t.hese to the Ambe r molecular s imula tio n package. This 
pipeline comhines many of t he complementary st rengths of these two packagt..'S. OUI' target. here is "he 
30S ribosoll1 l.1l subunit fro m Thermu."l the""'lOl'hill~$. One hundred IHUl()l)CCOlld La ngeviTl dy nam io; 
s imulations wcre perfol"lm .. d fo r the bound and the unbo und 16S RNA , and confo rma tio nal cha ngt..'S o f 
t he 16S RNA a nd its interaction with t.he 30S prot.e ins were examined to establish the fide lity of o ur 
mod el. The 87 prot.eiu assembly pat.hway was also examined , a nd the effects of p rotein binding order 
on t he loS RNA were analyzed. The s imul a l. ions suggest t ha I. ribosoma l proteins play import.a nt 
roles in maintai ning t.he native 16S RNA structure. "Primary" protei ns (i n terms of assembly) Iwlp 
morc in stabilizing t he confo rmation o f the RNA than clo second ary and tertiary proteins. Ribosoma l 
protei ns appear to bind to the RNA in an o rga nized fa . .'.;h ion wherein pril1l a ry a nd seconda ry prot.ei ns 
help to prepare the bi nding s ites fOI" tert iary proteins. The methodo logy a nd I.oo ls described here 
s hou ld prov ide useful ways to ex plore of, her aspects of ribosomal conformational changes by means 
of molecular dynam ics simulations. 
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1. Introduction . ?vlodeling of t.he ribosome can be traced back t.o the l080s 
when th ree-dimensiollal models of the small subunit of Escherichia coli were built. in 
sevcrallahs [1, 2,3,4,5. G, 7]. The modeling was done ma nua.lIy and t.ediously and Wi.1S 
based on the available secondary st ruct.ures and some very low-resolution structural 
data obtained [roln phylogenetic studies, cross- linking and footprin t,ing cxperilllcllt.S, 
chemical accessibil it.y, elect.ron microscopy, mutational studies, and so on. 111 the 
LD90s, methods based on molecular mechanics were used to refinc th ree-d imensional 
struct.ures of the slrI a H ribosomal subunit based on the accumulat.ed structural data 
]8, g, 101, 
St.arting in 2000 , a tomic resolution crystal structures of small and large subunitR 
and the whole ribosome wcrc detennined [1 L, 12, 13, L4, 15, 161. This high-resolution 
st.ructural data prov ides great. opport.unities for theoret.i cians to examinc struct ural I 
dynamic, and electrostatic properties of t.he ribosomes wit.h modern computer mod-
eling ancl simula tion techniques. For exam pic, by IIleans of rigid body ]'Vlonte Carlo 
simulations, Stagg, i\llears, and Harvey [171 built a.. s t,ruclural model a t a molecular 
level for the 30S subunit. frOlH Then nns thennophilns and examined the 57 pat.hway 
of prote in assembly. Li, ivla , and Shapiro [I 8] studied binding interactions between 
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the core central domain of the 165 RNA and the ribosomal protein S15 by 1\10 sim-
ulations. Two grou ps have used a coarse-grained el as ~ic network model La study t.he 
ratchet-like rearrangements of the 70S ribosome [19, 201. Tryl!:ika, TOll:dni , and ?vlc-
Cammon 1211 reported results of molecular dynamics (rvID) simulations of the 70S 
ribosome from 'Thennus l,hc771wphilu,s using DL..POLY progrcuns [22] with a coarse-
grained model for the ribosome. Tn an even larger simulation , Sanbol11natslI , Joseph , 
and rl\lIlg [231 hav(' computed totally abou t. 20 nanosecond t.argeted ivlD simuiatioll 
using an all-atom modeL 
However. it is still very challenging to apply :M D simulation methodologies to la rge 
complexes such as the ribosome, due to their t remendous size and long Lime scales of 
conformaLional change. For example, the simulations of Sanhonmatsu , .Joseph, and 
1\1I1g required about 1 million CPU hours on the ASCI LA NL Qmachinc, (). Hewlct t. 
Packard supercompltter with Alpha EV processors and Elan interconnect. Coarsc-
grained models are justified in part by the need to red uce computational burden and 
in part by the fact. I,hat. one docs not always need all-atom detail 1.0 study these larg(' 
systems. 
In this paper. we tackle two tasks. One is the implementation of a, suitable 
coarse-grained model for complexes containing bot.h proteins and nucleic acids. This 
follows techniques developed by Tan and Ha rvey [241, who built. low-resolution t. hree-
dimensional models for large RNAs anel ribonucleoprot.ein part.icles [8. 9, 10,251 using 
the Yamm p package. The second t.ask is to make this modeling approach availabl (, 
to a wider user community by connect.ing the Yammp implementation of Lids model 
t.o Aln ber. This t.akes advantage of Amber's wide distribut.ion and of t.he fact t hat. 
Amber has been parallelized, where Yammp has not. 
R.ecently, Yammp has been reorganized as an ex t.ension of Python ; the new ver-
sion of the program packagc is called Yammp Under Pyt.hon (YU P) [26 , 271. [ n this 
work, wc employ rcpresent.ations and force field s as [25] but with some updat.ed po-
tentia l parameters. Using an early version of YUP, we completed force field assembly 
(FFA ) and the related modules for our specific low-resolution models for the ribo-
somal RN A and proteins. Although it. is possible to carry out ~ I D simulations in 
t.he YUP package, there are some significant advantages in using a more convenLional 
program package slIch as Amber for this t.ask. First, Amber is a parallel code t.hat. 
is tUlH •. '(1 for e f-ll c;icm.:y 011 ma llY lII i:u;h iIlC~ , fal: ilitati llg largt. .... ~L:a l e SiIllUli:lt. iolls. Second , 
Amber has a well-developed slIit.e of traject.ory analysis programs, and many visual-
izat ion programs recognize its file format.s. In order to combine t.he best. features of 
YUP and Amber, a Pyt.hon script. was developed Lo integrat.e reaeUng in POll files 
for an ini t.ial confonnatioll \ add ing coordina.t.es for space-filling pseudoat.oms. running 
YUP modules for c.1.ssembling force fields, and out.put.ling Amber paramet.er and co-
ordination files for MD simulations. Here we report. our initial applications of this 
methodology t.o study the 30S subunit from Thennus Lhcnrl.01Jhilus and analyze the 
conformat.ional changes of the 16S RNA and roles of the 30S proteins. Several 100 
nanosecond Langevin dynamics simulations were performed for the bound and t.he 
unbound 16S R.NA. T he prot.ein binding events f).nel the 16S RNA conformational 
changes were analyzed from a dynamic point. of vicw. 
2. M odels a nd method s . 
2 .1. Low-resolut ion mod e l fo r the 30S subunit . Our low-rcso!\Itioll 11l0del 
for t.he 16S RNA was constructed based on t.he secondary structure of the 16S RNA 
from Lhe small subuniL of Lhe Them",s f.hennophilll' [15,28, 291 (sec Pigu re I(a)). 
The model follows t.he design of earlier Yammp coarse-grained R.NA models [25]. Each 







H3a;(HEUX,"H3stem1 ",H3stem1 ) 
T3a;(TRACT, "H3bulge", (31 ,31)) 
H3b;(HEUX,"H3stem2", H2stem2) 
H3;(DOMAIN,"H3" ,(H3a,T3a,H3b)) 
FIG. 1. (a) SecondnTY $tmcl.urc of the 168 R NA f rom Thcrmll..~ lhermop/ulus tlJll.1l the 5', 
central (e). 3' 11UtjOT (~I ' AI ), mId ~I ' minor (3'm) dornnin$ shade([ in blue, pILrplc, red. (tnrl green, 
1'e.'ipcdivcly. ,/,h i.~ fi!J /L7Y~ i.9 from 115] mId i.~ reprinted wah pCTmi~.9ion. © 200 I, A AA S. The origillal 
schc.m(L tic rcprc.o;cntatum is from [28, 291. (b) /li/ olld 0/ " helix !Item, lIlclulling P atoms (1. J. k. l. 
m. n) arul X-a toms (0. " . qj, alon9 with the IJScltdobond.<; requin?d to define the thrc(Hlunen.~lOnal 
geometry of a double helix. The length" of these Jlscudobo1lds and the. accompanyin.g lUlgle..<; arc cho.9cn 
to I/wtch lhose of tut ideal A - R NA double helix. T he psc.utiotoTsions (e.g., i-j-m-11) are rcqmred 1.0 
gu(m mtee that the helix is r1.ght-hl11uled. ,·iinee the mirror i mage of slteh (! helix, though Icft-lwn(led. 
1J)ould satisfy the bon.d and angle re.5traill. t.~. (c) Dcfim tion of heli:r; /-/ 3 in the ReadyHade. py module. . 
nucleot.ide is represent.ed by a single pseucloat.olll (P-at.om) centered on t.he phosphate 
a t.om. The region which cO tlsists of th ree or more contiguous base-paired nucleotides 
is considered to be a helix stem (see Figure l (b)). For each helix stem, space-filling 
pscudoatoms (X-atoms) are placed at the geometric cenLer of each base pajr but no t, 








where 1, j, k, 7ft , '11 denote sites of pscucloatoms; } ( II, A 'IIl [( I are t.he force constants: 
l ' T} , Oijk, cPij1fll! are t.he instanta neous bond length , angle, and t.orsion values; bo , 0 0 , 
C/>V arc the corresponding equilibri um or ideal values. The potential pmaillctcrs are 
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T ABLE ! 
Potential 7){uyundm'8: force COll!ltnnl..~ for bonds ( I{/, , kcal/mol-A2 ), anglc!) ( 1</1 . HI. hXLl!mod-
1YJ.({1 J. amI torsiQn.~ ( 1</ , in kml!mol-mcf-); and ideal bond lengths (m(l angles in A anti. (Legrees, 
1<, bo 
0.8 6.0 P P a lo ng si ngle st rands 
;J.3 5. 7 p- p a long a strand within a helix 
0.3 17.'1 p- p acro!;s t.he hel ix. one base up 
0.3 18.0 p- p directly across the he li x 
0.3 18.0 p- p across the he lix , one IlI.l$c down 
0.0 9.0 P- X inside a hel ix 
5.0 ;J.8 Cn- CO' a lo ng a protei n chain 
1<. 00 
7.45 100.0 P P P a long strand . not in helix 
7.45 15 1.7 p- p- p a long stra nd wit hin 11 heli x 
7.45 180.0 P- X- P within a helix 
7.'15 107.7 p- p- p- p within a helil( 
listed in Table 1. They represent. empirical pot.entials of mean force, based on the 
available experimental strucLl11'ai dat.a [251. Note t.hat t.he harmonic tor~ional energy 
function generates pseudotorsions that arc lIsed to guaratl lee helix chirality. 
Sequential bonds and angles nre applied to the P-aloms along t he RJ\l'A strand , 
and bonds arc applied to all the base pairs (canonical or noncanonical ). In helix stem 
regions, one to rsioll (e.g., i-j-m-n ) and two addit.ional bonds (e.g., i-Ill , .i -n) are used 
for every t.wo contiguous base pairs, and two bonds (e.g. , i-q , q-n) and one angle (e.g .. 
i-q-n) are used to connectlhe X-atom to its neighboring nucleotides (see Figu re l (b)). 
The ribosornal proteins are t.reated essentially as rigid objects. They are repre-
sented by a modified versioll of an existing one-bead-per-rcsidue model 130]. In our 
model , each amino acid residue is represented by a single pseudoatom (C-at.om ) cen-
tered on the n-carbon atom. Sequential bonds nrc applied to C-atoills along protein 
cha ins. l n addi tion to its neighbor , cach C-atom is connected to all other C-atoms iu 
the prol.ein t ha t lie with in a cuto rr distance ( .0 A) using harmonic pseudobonds: 
(4) f ' ( . .." )2 \ s 1;j- / lj . 
The equilibrilllll bond lengths 1'ij are obtained from the crystal st. ruct \1re of the 
308 from The17n:us the17nophil-us (lG IX) [15]. 5.0 kcal/ mol / A2 is used fo r Lile force 
constant. J<'~ based on normal mode analys is for the ribosomal proteins, This pro-
duces at.omic root. mean square f1 uctuat.ions consist.ent. \vit.h those derived from t.he 
cryst.allographic 13-factors, 
The semiha.rmonic potential is used for volume exclusions among t.he P-, X-, and 
C-atoms: 
(5) J("h(1'ij - d (»)2, '/" l) < do, 
0, 1·l };::: do. 
This is simply a vollllTle·cxclusion term; specific int.eractions are Illodeled by 
dist.ance-restraint. t.erms discussed below. A force constant J< uh of 0.5 kcal/ mol / A2 
is used for all pairs of a tom types. The nonbond contact. dis tances do are obt.ained 
by t.aking the minimal nonbond contact distances for every p<.lir of at.om t.YPl.'S in the 
crys t.al st.ruct.\l re. Values of do between lwo different atom types are show n in Table 
2. 
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TABLE 2 
Nonbond contact distance,Oj (AJ. 
P 5.3 7.5 4.9 
X 9.5 6.9 
C 4.5 
r 
FIG. 2. Energy IJCTln.Uy profile of distar~ce re.~tTaint.9 . 
2.2. P rotein4 RNA a nd he lix-he lix interact ions. Morse-like dista nce re-
stntinls are used to represent specific protein-RNA and helix-helix iuteracLions. The 
energy penalt.y profile is shown in Figure 2. 1'2 and 1';] arc the lower and upper bounds, 
respectively. \ ·Vhen distance '/' < "'2 , the energy E is parabolic wit.h force constant f(2. 
'When 7'2 ~ T ::; 1'3, E = O. \ ·Vhen 1"3 :S T < 1"1. E is paraholic wit.h force constant /(3· 
\oVhcn T ;=:: 1"41 E is hyperholic given by 
(6) 
where (l, = 3('/'4 - "'3)2 ancl b = - 2(7'4 - 1'3)3 , T his function matches smoot.hly \.0 t he 
pi.\l'abola a t r = 7'3 and tends 1,0 an asymptote of aJ(a at large T. 
Such dist.anc(' rest.raints O U l mimic the making and brenk illg of contacts in a 
dynamic molecular system. Since ribosomes are dynamic systems in which the protein-
RNA and helix-helix contac t distances are dynamically changi ng, the above distance 
rest.raints provide a rational way to represent specific protein- RNA and R.l'lA- RNA 
intcract.ion~. 
To set, the protein- R.NA distance rcsLrainls in Lhe 305 subuniL, we used t.he crys t.al 
structure of t he 30S fTOm 71wnnu.s tlw17no/Jhil"s ( IG IX) [l51 and calculated a ll Co p 
pair distances for every proLein and t.he RNA. Since proteins bind to t.he RNA IlHlinly 
ill I,he form of hydrogen bonds in which the corresponding C-P distance is about !J.O 
A, we pick up the C-P pairs wi th dist.ance less than 10.0 A, and the corresponding 
distance plus 0.5 A is set a.s the upper bound ·/':1. The overall behavior of the numher 
of rest.raint.s as the function of protein numbers (S2 , S3, . . . , S20) is consistent wit.h 
the fraction of protei n surfac(·' area packed against RNA obtained by t.he protein- RN A 
SIM ULATIONS or Til E 305 1l1ll0Sml il L SUBUNIT 1253 
surface area calculations for the 305 subunit [31]. 
There are many helix-helix interactions in t.he fOfm of n Oll- ,"Va tson-Crick hydrogen 
bonds in the cryst.a l structure of the 16S RNA. They play importallt roles in forming 
the tertiary st,rueture of the RNA. Wimberly et al. [14[ listed a ll pairs of non-Watsoll-
Crick hydrogen bonds of the 16S RNA based on a 3.0 A-re:;olution X-ray crys t.al 
st.ructure of the 305 from the Then n1Js therm01Jhilus (PDn code: I PJG ). Those non-
\,Vatsoll- C rick hydrogen bonds inside helices are autOlllaticaJly included in our helix 
!:i tem model. The other non-\tVatson- Crick hyd rogen bonds (mainly among helices 
and inside loops) are considered to be distance restraints. The corresponding P-P 
dist. ances arc obtained from the 5.5 A-resolution crys t.al structure ( lG IXL and the 
distance plus 0.5 A is sel as lhe upper bound "3. 
\Ve define 1'4 = " 3 + 0.75 and 1'2 = 7'3 - 2.0. The force CO llsla.nts J( 2 and J(3 are 
seL 20 kcal/ mol / A 2. The force constants a re optimized t.o maintain t.he 30S sub11nit. 
around ils cryst.a l s t.ructure a t. room t.empera t.l1re, while allowing enough Aexibil ily 
for the free 16S R.NA. 
The force field paramelers shown in Table L are hased on t.he general low-resolution 
force field for large RNAs and RNP particles developed by the H,u've), lab [251. The 
pararncl.ers were based o n t.he sla t.islical distributions of in terphosphat.c dist.ances. 
angles, and improper I,orsiow; in t.he cryst.al slruct.ure of phenylalanine tRNA. Anal-
ysis of la.ler crys t.a l slruct.u res (including the Group 1 ribo:t.yme and t.he ribosome) 
has shown lhat t.he original para melers are st.ill valid . This is not. surprising, since 
t.he force fi eld for t.he RN A component. is bclSically designed to maintain the st.ruc-
t.ure of t.he d ouble- helical A-form RNA. Simila rly, thc protein paramet.ers a re generic, 
bascd on ex isting clast.ic net.work models. Only t.he protein-RNA int.era.ct. ion t.erms 
a re specific t.o t.his system, and t.he force COllst.ants used there can take on a broad 
ra llge of values. 'ATe found I.ha t. se t.t.ing J(2 aud [(3 t.o values in t.he range of G t.o 
20 kcal/ mol/ A 2 produced nearly ident.ical resu lt.s; smaller force constants (such as 1 
kcal/ mol / A 2) were loa weak to enforce the correc t. prot.ein-RN A interact,ions, whereas 
li'trgp,r vah](~s werl' lI nn~ason f\ hly stiff. 
2.3. Force fi e ld assembly (FFA) , FFA is one of the key modules in YUP. 
The FFA module defin es met.hods t.o prepare and analy:t.e a speci fic class of molecular 
rnode!. It. generat.es th ree object.s, Pot.ential , At.omivfap, and At.omVect.or , bya:-;sc ln-
hling a nd execut.ing t.he appropriat.e fragments of code and drawi ng I,he appropriate 
parameters from a database file. The Pot.cnti;ll and the AtomMap conlain infonna-
lion essent.ially equ ivalent t.o t.hose ill the pantmet.er/ t.opology files in t. he t.radit.ional 
molecula.r modeling programs such as Amber and CHARl\ LM . YUP genera t.es several 
At.omVectors, but. t.he only one required for Amher is t. he At.oIl1Ved.or cont.aining all 
the coordinates. J n YUP, FFA is still undergoing development, and new met.hods are 
hf' ing added t.o the rnodule as needed. Using an early version of Y UP, w(' completed 
FFA and t.he rela led mod ules ror our specific low-resolut.ion models ror t.he ribosomal 
RNA and proteins. To connect YUP and Amber, a PythoJJ script (Yllp2ambcr.py 
in Figure 3) was developed to integra t.e reading in PDn fil es for an ini tia l cOllfor-
matioll , add ing coordinat.es for X-a toms, nllming Y UP modules for i:lsscmbling force 
fi elds, and out.pu t t.ing Amher paramet.er and coordina te files for MD simula tions. The 
progra m now dia.gra.m is shown in Figure 3. (No t.e lh .. t t, t.he program flow in the re-
cently released version of YUP is somewhat dirferent. fTom t hat. shown in Figure 3. ) 
In ReadyMade.py, molecules are defin cd in a hierarchica.l way bn..,ed On t.he secondary 
slructurc. Fo r example, the helix H3 in t.he IGS (see Figure I(c)) is considered t.o be 
a subdomain whic11 consist, of t.wo helix stems, H3s t.ellll and H3stem2 . and one single 
1254 Q. CU I , R. K.-Z. TAN , S. C. HARVEY, AND D. A. CASE 
FIG . ;t Progmm flollJ diagram. 
nucleot.ide. In H3st.em land H3st.cm2, t.he firs t. number corresponds t.o t.ile st.arling 
P-at.ol1l of 0110 st.rand of the helix sl em , t.he thi rd number corresponds t.o the st.ar t.i ng 
P-at.olll of the ot.her st.rand, and t.he second l1umber is the number of base p;tirs or 
t.he le ngth of t he helix sLem. 111 rnoLifs .py, methods arc defined for a.:~semblillg force 
fields for each motif (TRACT , HELIX, DOMAIN, etc.) In consl .. p)" each term in the 
poLent,iai runct-jollal is defined. At.omic properties ,,\]1(\ pot.ential parameters arc given 
in t.he source-of-constants database file. 
2.4. MD s imulations. The Amber 8 suite of programs [32] was used t.o perform 
all simulat.ions and analyz;e t.rajectories. Langevin dynamics is used to mimic a. solvent 
environment. A col lision frequency of 2 pS- l a.nd a time st.ep of 20 fs were used . 
The starling structure of the 30S subunit of Ther-mns lhennophilns was takell from 
the Protein Data [lank (PD[l code: IGIX) [15]. It is part of the crystal structure of 
t.he complet.e Th cnnus lhcnnophii'ILs 70S ribosome at. 5.5 A resolution. 1n our low-
resolut.ion model , the whole 308 subullit. is represented by 4 t81 pseudoatoms ( L5 Ln 
P-atollls, 266 X-at.oms, and 2396 C-atoms). The low-rosolut ion tertiary structllres 
[Tom the 50S side and the solvent. side are shown in rigurc 4. 
There is also a higher-resolut.ion crystal structure of t.he 30S subunit (POO cod(' 
lJ5E) ; the root. mean square deviation (RMSD ) of t.he phosphate and protein CO' 
a t.oms between this and the structure we started with is 2.7 A. This is smaller t.han 
the typical changes we are modeling here, so t. hat it. is unlikely that our results would 
be significant.ly arrected by a cha nge in ini t. ial st.ruct.ure. 
vVo performed r..ID simulatiolls for t.he bound and the unbound 16S RNA. POl' 
t.be bOllnd J 68 Rl\T A, in addition to including all 308 proteins, we also performed 
simulations for t.he 165 RNA bounded by some selectf'd prot.eins followin g t.he 87 
assembly pat.hway. Tn each case, 10000 snapshot.s were extracted for a.nalysis from the 
lOOns product.ion run wit.h an interval of 10 ps between snapshots. 
All simula.t.ions were run on an SCI Altix 3700 Linux server. For the bOlllld RNA 
(with all 305 prot.eins), it. t.ook about 44 hours to comple te a lOOns simulation using 
8 processors. 
.. { 









FIG. 4. The cry.'itnl structmy' of the :.10$ !;ubumt pum ThermlLo'; thermOlllulu ... (PDB code: I C /X). 
The i6S R N A is colored gmy. Prim ary . . 'H!cowlaT"1j , Uful tertia,-y lIro teins an~ colored red. gre.en. awl 
blue, respectively. Pro te.in T HX i.~ c.olo1"P.(l pink. Som e. helicc.<; arc labeled -ill gray. Th e. 5' (uI.fl 3' 
mi ll.or domn:;n.<! form the. OOdy. The 3' major domain forms the. hood. The c.en tml domam form.~ th e 
platform . Th e. spur i.~ formed by helix H 6. The shoulde.r i.~ fOfT/l ed by helic.e.~ H1 6 flrtd H17 . Th e. 
beak is fm-rned by helices 1-133 . H33a, and 1l 33 b. 
3. R esults and discussion. 
3.1. Conformat ional cha nges of the 16S RNA and the !'Oles of ribosomal 
prote ins. Starting from the cryst.a.l structurc ( 1 GIX ) (see Figure 4). wc performed 
LOOns constant temperature (300K ) MD simulations for the free 165 RNA and the 
RNA bound by 20 ribosomal proteins (52 , 53, . . . , 520, THX). 5napshots of the 
conformations a.t 2011s, 40ns, 60ns, BOns, and lOOns are shown in Figure 5. It can 
be seen that the conforma.tion of the unbound 16S RNA grea.lly changes wil.h I,he 
sirllulatioll time. It deviates from the crys ta.l st ructure more and more. Long helices 
and loop regions show the most flexibiliiies . The initial tertiary structure is broken. 
As shown in Figure 6, at lOOns 1 the R. IISD relative to the crys tal struct.ure is close 
to 40 A. For the bound lOS RNA , howcver, the conformation is very stable. Thc 
overall shapes of all the snapshots are very similar to the init ial crys tal strllcl,ure. 
As shown in Figure 6, the Ri\fSD is always around 10 A over the simulation t imcj 
this is then a. rough estimat.e of the expect.ed precision of our low-resolution models. 
Obviously, I,he ribosomal proteins ,ue playing the role of maintaining the 16S RNA 
in its nalive st.ruct.ure in the ribosome. As seen in Figure 5, t.hose regions which ha.ve 
more conl,acts wit.h t.he prot.eins are morc stable. Those regions of the RNA that. ha.ve 
few or no cont.acts with proteins are more flexible and devia t.e more frolll t.he illit.ial 
structure. For exalllple, heli cf:..'S H6, H16. Hl7, H33 , H33a: H33b, and H44 have very 
few contacts with prot.eins, BO they have higher flexibilities than other regions of t.he 
RNA. 
Figure 7 shows t.he RMSD cont.ributions from each domain of the bound RNA. 
The cent.ral domain is the most. stable one and has the smalles t average Ri\fSD (,-...., 7.5 
A). The 3' minor domain is the most flexible one and has t.he la.rgest average Rr,,[SD 
( ....... 12 A). Most of the time, the 5' domain is very stable and has a small RMSD as 
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FIG. 6. RMS Ds for the. bound and the unbO'IJ1I(l 16S RNA . ( All RATS D.'! are retatwe to the uutial 
crystal.'itruct llTC ( I GIXj in Figure ,I. ) 
the central domain , but it transiently has a vcry large RlvlSD ns the 3' minor domain. 
The 3' major dOll'laill is rcla,Lively ::it.able with the RMSD bet.ween the va lues of the 
central domain and the 3' minor domain. 
The 308 prot.eins are usua lly classified into three groups [331. Those prot.eins which 
can directly bind to the l6 R.NA a re called primary proteins. Those t.hat. can bind 
t.o the RNA after at le<.l.st. one primary prot.ein bind (:l,re called secondary proteins. 
Tertiary proteins are those that can bind to the RNA ancl' at least one prim ary 
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prot.ein and one secondary protein are bound. For the Thcnnll.s thenTl,ophilus 30S: 
primary pro t.ci llS include S4 , S7, S8, S L 1, S 15 , S 17, 520; secondary protci llS includo 56, 
59, 513, S16 , 5 18, 5 19; tertiary proteins include 52, 83, 55, S ID . S12, 5 14. Studies 
have shown that. pr imary prot.eins play t.he most. important. role in the rihosolllal 
assembly and secondary prot.eins play it morc important. role t.han tert.iary prot.eins 
[17, 33. 34, 35]. 
The central c1OI'Ilain is smaller than the 5' and 3' major dOlllains and has a com-
pact. conforlllation. Five prot.eins closely a nd ulliformly bind t.o t.he central domain , 
including t.h ree primary proteins (5 151 58, 8 11 ) and t.wo secondary prot.eins (56 a nd 
S 18). Those par ticular prot.ein binding alld conformational properties of the cent.ral 
domain make it t.he most. slable domain in t.he 308 subunit.. The 5' domain has six 
prot.eills, including three primary prot.eins (820 , 51 7, 54). Thus most of the t.illlC it 
has RM SD behavior similar to the central domain . llut t.he 5' domain has larger size 
than t.he cent. ral domain 1 and its lower part is bound only by t.wo proteins (onc pri-
mary 820 and one secondary 8 16). Also, it. has t.he extended spur and shoulder part.s. 
Those propert.ies make the 5' domain more flexible t.han the central domain. The 3' 
major domain has about the same size as t.he 5' domain. Although eight. proteins bind 
to it , IllOSt. of t.hem are tertiary and secondary proteins, and there is only one primary 
prot.ein (87). In addition, it. has an extended beak. Thus it has a larger Rl\15D t.han 
the central and 5' domain:; most. of the t ime. The 3' minor domain i:; mainly fa nned 
by the long heli..x H44 , which is the longest single helix in the 168 R.NA. However1 
H44 has only few COIl t.a.cts wi t.h prot.eins 820, 55 , and 812. Thus it is the most flexible 
donla,in. 
The cent.ral domain has been analyzed in det.ail both experimentally and theo-
retically. OIT 1 HagerIl'H1.n 1 and vVilliamson [36] st. udied t.he conformat.ional changos of 
the 165 R.NA from the Bacillus sleamthe7inophil'lts induced by t.he bindillg or t.he ri-
bosomal prot.ein S 15 and Mg2+ . They measured t. he inLerhelical angles of helices H20 1 
H21, and H22 and found that the rree junct.ion of helices H20} H21} and H22 is planar 
with about. 1200 int.erhelical a.ngles, whereas 81 5 and Mg2+ binding induces a. junc-
tion conrormation in which t.wo helices l H21 and H22} becoll1e colinear and t.he third , 
helix H20 1 forms a 60
0 a.ngle wit.h respect. to helix H22. lly means of all-a t.om MD 
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simulations, Li } ~ I a , and Shapiro [18] studied the con formational changes of the core 
cent ral domain of the 16S R.NA fronl Thennus /,hcnno]Jhiius induced by the billdillg 
of S15 prot.ein. They calcul a.ted the illterhelical angle between helices H20 and 1-122 
and the widt.h of the major groove of helix H22 as the funct.ion of simulation ti rnr for 
the free and the bound celltral domain. They found t.hat in the abscJlce of S 15, t.he 
int.erhelical angle is increased from 800 in t.he crystal st ructure t.a 1140 in Lhe avrrage 
structure of t.he unbound R!\,I A, and the wid th of the major groove greatly fluctuates 
and most. of t.he t.ime it is much widcr than in the crystal structure. 
Our low-resolution MD simulat.ions also predict conformational changes consist.ent 
wiLh the above experiment-al st.udies and high-resoluLion 1\110 simulations. \Vc used 
the definit.ion of [181 for the interhelical anglc betwecn helices H20 and H22 (see Figurc 
8) a nd t.he angle as the function of simulat ion time for the free and t.he bound l OS 
RNA is shown in Figure 9. It can be seen that, for the bound L6S RNA, the a ngle is 
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stabilb:cd around the value corresponding 1,0 that. in the cryst.al s t.ruct.ure (60°), while, 
fo r I,he unbound L65 RNA : the angle greatly fluct.uat.es. The angle of t.he unbound 
165 RJ\lA may transiently adopt the value of t.he crystal s truct.ure, bul, mos t. of t.he 
time, it. adopt.s much larger values up to 1200 • 
Helix H22 consis ts of three helix sLems and two bulge loops. In our model. each 
helix sLem is essentially rigid, bu t the entire helix is no t. necessarily rigid. The widt.h 
of t.he ::major groove" of he lix H22 (l:lrDund the bulge) call he defin ed as I,he distance 
between two P-atolTls in the t.wo nucleoticles G657 and U743 [181. From Figure 10 , 
one can see that, for the bound 168 liJ'JA ~ the width is small and stabilized 1Hollnd 
9.0 A, close to the distance in the crystal s tructure, while, for the unbound 16S RNA. 
t.he width fluctuat.es grea tly, and 1lI0St. of t he t.ime it is rnuch wider t.hall that. of the 
bound [5S RNA. 
In summary, our 1\ID simula tions indicate that t he r ibosomal prot.eins play very 
import.an t roles in maint.aining t.he 168 RNA around its crystal st.ruct.ure. The bound 
165 RNA a lways adopts it.s crystal-like conformation. The more prot.ein conl<\Cts t.ha t 
a given Rt'JA region has, t.he more st.able the region. Primary pro t.e ins help more in 
stabili:dng t.he conformation of the RNA t. han ot.her prot.eins. vVit.hout. the ribosomal 
prot.eins, the 16S R N A t.ends to adopt ex tended conforma t.ions which great.ly dev iat.e 
from it.s crys t.al s t.ructure. However, some local domains may t.ransient.ly adopt t.he 
crys t.al-like conforrnat.ions. 
3.2. The 87 assembly pathway. In t.he early 19705, Nornura and coworkers 
st.udied t he sequence of prot.e in binding in t.he 308 r ibo~omal subunit. of Eschc1'ichia 
coli wit.h in vi t1'O reconstitution [331. These s t.udies have heen cx t.ended recently wit.h 
modern analysis mct.hods, including mass spectroscopy and more classical biochemical 
sepa ration t.echniques [35 , 37, 38]. 1L ba.,; generally been found that. t.he proteins bind 
to the 168 RNA in a. sequential and coopera tive way, roughly as shown ill t he Nomura. 
asselllhly map (see Figure 11 ) . From t.he map , one can see tha,t. primary proteins S4 , 
S7, S8, S[5, S17, and S20 fi rsL independently bind LO the [6S RNA, followed by 
secondary prot.eins 56, S9, S16, S 18, and S19 and tert.iary prot.eins 82. 83 , S5 , SIO, 
SIl , S12) S \3 , S14, and 821 . Also one can see three relati vely illdependClli. i:U:i::ielllbly 
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pathways: (S I7, S4 , S20, 58), S15, and 57. The binding sites of the proteins in the 
pathways arc locat.ed in the 5', central, and 3' domains of the 168 RNA, respecLivcly. 
In order to understand why protein binding follows the Nomura rnap , we examined the 
57 pathway by comparing the conformational changes of the 168 RNA when proteins 
bind to the RNA in different orders. Since proteins on the S7 pathway mainly bind 
to t.he 3' major domain, we will compare the RfvlSD changes of the 3' major domain 
bound by proteins ill t.he order of 57, 59, 510, and 83 and in the reverse order. 
First. , we ran a simulation with only protein 87 allowed to bind to the RNA. As 
seen ill Figure 12(a) , in comparisoll wit.h the free RJ"iA , the bound 3' major domain 
has a smaller JU.,IISD most of the time. Then we carried out. a simula.tion aJlowing 
proteins S7 and 89 to bind to the RNA . The corresponding RM5D is remarkably 
decreased. Next, in the simulation of S7, 59 ) and 810 binding to the RNA. the RMSD 
behavior is almost. the sallle as that, with just S7 and S9 binding. Finally. wlien S7 , S9. 
SlO, and 53 bind to the RNA , again there is no overall improvement in the RrvrSD 
r-tuctuatiolls. The results clearly indicate that the primary and secol1dary prot cins 
57 alld 59 pla.y lnorc important roles in sta.bilizing the conformation of the 3' major 
domain than the tertiary proteins 810 and 53. The binding of S7 and 59 not only 
constrains their contact regions in the RNA but also hel ps to organize the binding 
si tes for later bindiug prot.eins S LO and 53. Therefore, protein binding in this order 
wou ld he mom effi(·ient. for the :{OS a.ssemhly. This is (:onsistcnt with Lhe results of 
t.he ivlonte Carlo simulations of St,agg, JVlears, and Harvey [171. These results ca.n be 
confirmed b'y allowillg the proteins to bind in the reverse order. As seell in Figure 
12(b), if we allow S3 binding first. , the overall RNISD is almost. the same as that of 
the free 16S RNA. After S LO binding, the overall RjV15D is reduced somewhat. during 
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Flc. 12. RMS'Ds of the 3' major d01Uaill for free 165 R NA and bountl lf;S R NA with I)roteins 
on the. 5 7 Iltlthumy. (a) Proleins bind t.o RNA /ollowmg the orrier of the 57 1Jathll1fJ.Y. (b ) ProtCtll!! 
ol,lUi to RNA in the reT/e ,".~e order of the 57 fJlt l.hway. 
parts of the simulat ion ) t.hough not through a ll of it. On ly after 57 a lld S9 binding 
do we obtain significanll'y reduced RJ\ISD fluctuations, con firming the import.ance of 
the corrcct binding order . 
Our resulls suggest st ructural ra tionales for ribosomal proteins to bind to the 
RN A in a sequent.i a.1 way. The binding orders in the Nomura map appear to faci li-
tat.e 308 assembly hccausc primary and secondary proteins not only constrain their 
cont.act. regions in the RNA but also help to organize the binding si t.es for tert.iary pro-
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Leins. More extensive st.udies of oLher parts of the assembly pa thway will be report.ed 
elsewhere. 
4. Concluding re ma rks. \Vc have developed met. hodology and tools for pcr-
formiug very long MD simulations of la rge biological assemblies slIch as ribosomes at. a 
low-resolution level. OUf procedure combines the coarse-grained modeling capabi Ii Lies 
of YUP wit.h t.he pa ra llelir.:cci MD code in Amber, al lowing abou t 60 nsee/day of sinI-
ula Lion to be carried out. on 8 cr us. As our first. applicat.ion. we studied structural 
and dynamical properties of the 30S subunit from the Therrnns thennophilus. ' Ve 
found t.hat ribosolllUl prot.eins play critical roles in maintaining the 16S RNA a round 
its crystal structure. Primary proteins help marc in stabilizing: the conformation of 
t.he RN A than secondary and tertiary prot.eins. Protein binding orders in the Nomura 
map are favorable for 308 assembly because primary and secondary proteins not only 
constrain t.heir contact regions in the ru A b ut also help Lo orga.nize the binding sites 
for ter tiary proteins. T hese low-resolution MD simulations produce results tha.t. arc 
qualita.t. ively consist.ent. with t.hose from ex periment.a l and from other siHluiatiolls. Our 
methodology a nd tools provine effi cient WAyS for ex plor ing str1lctural a11(1 rlynamical 
quest.ions in large macromolecula.r assemblies with [viD simulations. 
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using t.he Insight. program , and Joanna Try lska and .Jamie \OVilliamson for helpful 
discllssions. 
REFERENC E S 
[I ) A . EXPEnT-[3EzM';QOf'O M';O P. L . WOLl. Ef'OZJEf'O , '/'hree-dim e.1l.no7lnl cUTfHlgernent of tile Es· 
cherichia colI 16S ribo.9011tal RNA , .J. Mol. BioI. , 184 ( 1!185), pp . 53- 66. 
[2J K. N ,\ GAf'OO . 1\1. H AHEL, Af'Ol) 1\ 1. TAI\EZ AWA , Prediction of three-dimensional .~t1'!Lct 1Lre of E.q-
chcrichia coli ribo.~omal RNA , .J. T heoret.. Bio I. , 134 ( 1988) , p p. 199- 256. 
[3J H. I3Jtl M ,\CO~1BE , The emerging three· dimensional .5tructl!re (Hut function of 16S ribowmal 
RNA , Biochemistry, 27 ( 1988), pp. 42074214. 
[4 ] S. STEIU';. D. WEISEIL ,\f'O l) H . F . NOLL.En , Model for the thrce-rlurtetlsiOlwl folding of 16S 
ribosomal R N A , J. Mol. Bio I. , 20'1 (1988) , pp . • 1.17- 48 1. 
15) 1\ 1. I. OAKES. L. l{ AHM'. Af'OD .J. A. L AKE, DNA -hybridiu!tioll. electron micro.5Cf) I'Y tertuwy 
.5t,·uct"lwe of 16S rRNA , J. Mol. l3iol. , 21 1 ( 1990). pp. 907- 918. 
161 H . F . NOL.I.En. R. CnEEf'O. G . H EII.EK. V. H OFFMITII. A. 1-ICTTEf'O IiO FEft . S . . IOSE:pu . I. L EE . 
K . LIEBEJl M,\N , ,\ f'O O A. 1\ I ,\l\'l\ lf'O. C . I\ I EJl nnlAN. T. POWEllS , E. V. P CG Ll Sl . n. B. 
5MllA IIA , M W 13 . WEI SER , S tructure anti/unction ofribo.~omal RNA , Biochc lll. Cclll3io l. , 
73 (1995), PI'. 997- 1009. 
[7J F . I\ I I1EI.I.Ell , T . DO Jll f'OG. T . EHOE~1Jn. 13. GREl;f'OEfI. N . .J!;NKE, ;" 1. OSSWAI.D . .1 . RI i\:I\E- A p PEI.. 
K. S TADE. S. THA 1> I1>·l, A1'> O R. B JH ~I ,\COMBE, Getting clo!;er to ft1L undcr8Umdin,r; of th!' 
three-dimen..~ional.~trr,cture of ribosonull RNA , l3iochem. Cell Bio I. , 73 ( 1995), Pi>. 767 773. 
[8] A. I\ I ALlIOTJtA. R. I< .-Z . T Af'O, ,\ f'Ol) S. C. H AItYEY , Prc(lictioll. of the thrce-dimen.Honal .~tnjct1t1'C 
of E.<;clterichi coli aos ribosomrtl subunit: A molecular mcehanic.~ (lPl'ronch, Proc . Nat!. 
Acad . Sci. USA, 87 ( 1990), pp. 1950- 1954. 
(9) T . R. E ,\ ST ERWOOI) Af'OO S. C. H AltYEY. Modeling the structure of lhe ribosome, BiorhCIII . Celt 
Bio I. , 73 ( 1995), PI'. 75 1 ~756. 
[10) A. fo, l,\1.1I 0 Tlt,\ Af'O l) s. C. I-J,\RVEY , A qua/1.Wativc model of the E$cheriehirt coli 16S RNA in 
the 30S ribo.~omal subunit, J . Mol. BioI. , 240 (1 99'1). pp. 308- 340. 
(J 1) .1. H . C,\TE. t\ 1. 1\1. YliSlWQV. G. Z. YCSUPOVA. T . N. EAJlI"EST. AI'O I-I. F . NOI.l, EH , X-my 
crystal .9trllctU1'CS of 70S rilmsomc functional complexe.~, Sciencc , 285 ( 1999) , pp. 2095 
2 104. 
[12} F . Sc m , n ; f'OZEf'O. A . T OC1LJ. n. ZA JUV,\ CH . .1 . II AII 1>I S. 1\ 1. C l. liEII M,\f'Of'O. D . .I Af'OELL, A . 1),\ SII Af'O . 
H . I3 AHTEI.S, I. AGMOf'O. F. F n ,\ f'OC ES(JIII . Af'OD A . YONATI!, Stl'lLcturc. of flmctionfLlly aett-
vnteli small ribosomal .~ubunit at 3.:1 A resolution, Cell. 102 (2000), pp. 6 15- 623. 
SIM ULAT IONS or TH E 30S R.IBOSOM AL SU BU NIT 1263 
\l:J) N. 13M': , P . N ESSEl\", .I. 11 ,\1\: 51::1'. P . I3. l'.JOOltE. AI'O T. 1\. STEIT7., The complete (Ltonne 
stmctu're of the large ribosollwl .9ub!L1).it (It 2.4 A rcsolutiorL, Sciel1ce, 289 (2000), PI'. 905-
920. 
f14J 13. T . WI~mEHI.Y . D . E. I3nODEIlSEI\, W . ~1. C LE:to.IOKS . .In .. R .. 1. ~[OHG"r..:-\VAHRE!\". A. P. 
CAHl'En. C. VONRlIEIK, T. H ,\ HTSC. t, AND V. B M>IAKBISIIl\AI\', S tructm'e. of the aoS' 1'iIJO-
somal "lUbuni t, Nature, '\07 (2000), pp. :J27-339. 
(15) fl.!. 1\1. Yl;SI; PQV. C. Zu. Yt;SUPOVA, A. OAI,;COM, K. LIEBEIIMA!\". T . N. EMIl\'E.'H .. J. H . D. 
CATE, A1\O H . F . NOLLER, Cry.~tal structure of the ribosome at 5.5 A resolntioll, Science, 
292 (200 'i ), pp . 883- 896. 
(i6j 13. S. SCIIUWIRTIL 1\ 1. A. I30ROVII\SKAYA. C . W. HAt;. W , ZII"'''C;. A. VII. ,\-SAt"JUtJO .. J. i\1. 
HOI: rOK, A!\O .1. I-I. D . C,\TE, Structures of the Imctedul ribo.wme (d 3.5 A re!wiutwn, 
Sciellcc, 310 (2005) , pp. 827- 8:J4. 
IJ7] S. i>. 1. STAGG .• J. A. 1\IEMIS. "KO S. C. HAnvEv , A structuml model for the (I.s.~embly of the 
305 .~Itbunit of the ribosome, J . Mol. 8iol. , 328 (2003). pp. '19- 61. 
[18) \V . LI. 13. l\ IA, M_ D 13 . A. SUAPlH O, Bindhl-9 intemchons between the core centml dom(l.in of 
16S ,./lNA and the ribosomal 'P1YJtein S 15 determined by molecuinr dynamics simulatlO7Ls. 
N ucleic Acid Res., 3 1 (2003), pp. 629- 638. 
119J F. TAr-IA. 1\ 1. V/\LI.E . .I . Fn ,\1\' I\ , C . L. I3noOI\!'i, Ill , Dynamic TCnlyamzation of the funcbonn.lly 
active 1-ibosome explin:.ll by normal code analy.~is and cryo-electr01~ micro.~copy, Pl'oc. Nal.l. 
Acari . Sci. USA, 100 (2003). p p. 9319- 9323. 
120J Y. \VM'C. A .. 1. BADEI'! . I. [JAI~ AH, AKO R. L. J EH!\ IGAr\. Global ribosome motion.~ r"ewaled 
with (;lastic network model. J . Strllcl.. Bioi., 14 7 (2004) , pp. 302 :H4. 
[21J .1. TIlYl.SK,\. V. T OZZIKI. ,I. A. 1\ ICCMIMON, Explormg global motiOM anti corrcl(ttioll.~ in the 
rioo.<;ome, Biophys . .I. , 89 (2005), Pi>. 1455- 1463. 
[22) W. 51>11'1' 11 ,\r\0 T . F'OHE!'iTEIl, DI.rPODY-2.0: A geneml-l'1t1J)ose pamUel moiecuinT rlynami,e.~ 
sinutlatiorL pllckage, J . r-,'Iol. Graphics, 1'1 (1996), pp. 136- 141. 
[23J K. Y. S,\r-<BOr\MATS\,;. S . .J O!)EPH. A1\'O C .-S. TCr\G, Simulating movement of tRNA into the 
rilJO.wme during deco(ling, Proc. Na!. l. Acad. Sci. USA, 102 (2005 ), PI'. 15854 I S85!.l. 
[24) n. IC-Z. T AK M,O S. C. H AnVEY. Ynmmp: Development of a molecular mechanics TJl"Ogram 
u,~ing the 1U(j(iuiar pTogramming method . .I . Com i>ut. C hcm ., 1'1 ( 1993), pp. 455--170. 
[25J A . 1\IA I,1101'RA, n. lC-Z. Tt\1". i\r\0 5. C. H AliVEV, Modeling lalYc RNA .~ and rIbonucleoprotein 
l)(u·ticles 1Lsmg molecul(~r rncchnnics technique.~, 13 iophys. J ., 66 (1994) , pp . 1777- 1705. 
[26) http://r lllllou r. biology.gal.cch.c(!l I/ Ya mm p\Veh/ . 
[27J n . K.-Z. 1'AK. S. PETIIOV. "NO S. C. J'J,\nVEY, YUP: A molecular .~imulal. 101l program for 
coaTse.-gmined nnd muliiscale(imodels, ,,- C hcm. Thcory Compll l.., 2 (2006), pp. 52£1- 540. 
[281 http://www.rna.ic lllb .utcxl.ls.edu. 
[291 R . R . CI.:TELI., Collection of smali.mbunil, ( 165 and 16S-like) ribosomnl IlNA structures: 1994 , 
Nucleic Acid Res., 22 ( 199,1), pp . 3502- :.1507. 
[301 T . ,·IAU 1,.OCLli AI\'D I. [3A1 IAlt, Coar.~e-gmined .9imulations of conformational dynnmics of pro-
t ei'l.~: Application to Apomyglobill, Protcins. Jl (1998), pp. 271- 281. 
[31 1 D . E. DnOI)EH!)~;r\. W . 1\ 1. CLEI>IOl"S . .In .. }\. P. C,\RTEn. 13 . T . \V l l>mEIl I.V. Ar\O V. A.A-
r-IAK IUSHl\,\r\, Crystal .~tr!Lct1tre of the JOS Tib080nwl subunit fTom Thennn.9 thenn01,hilu.9: 
StnLcturc. of the ]JTol.eins and their interactions with 16S IlNA . J . Mol. BioI., 316 (2002) . 
pp. 725-768. 
[32] D. A. C ,\ SE. T . E. C I IEAT I IA~I, III , T . DJ\lW Er\, 11 . GOIII.KE, R. L uo. IC ]\.1. 1\ lImz, .IrL. 
A. OI\'UFIlIEV, C. 5 IMMEHLINC. D . WANG, Ar\O R . \VOODS, The Amber biomoleculnT 8im-
UI(ltiOIl I'TOflmlnS, .1. COIllJ>lIt. C hem ., 26 (2005), pp. 1668- 1688. 
[33J W . A. 1-I EI.O. [3. I3A LLOli. S. l\ lIZCSIIIMA. "1\'0 ~ 1. NOMUBA, Assembly mnpping of30Sribo.';omal 






C. ACALAIlOV. C. S. Pn i\Si\o. P. 1\ 1. F t.:KKE. C. D . STOt.:T. "KO.1. R. \V ILI.Ii\MS01", Structure 
of I.he 5 15, S6. S 18-,.nNA C01ll1)lex: A.1;.!Iembly of the 30S ribosome centml (/mna1r!, Science, 
28~ (2000), pp. 107- 11 2. 
W. T . T ALKIK(:TOr\. G. SIUZU,\K, Ar\O ./. R. \\'1I. I.IAI>IS01\', A.~sembly 1l1T1 d.9ccLpe of Ihe 30S 
rih(Mo"L(~1 subunit, Naturc, 438 (2005). pp . 628- 632. 
W . Onn, P . .I . 1i AGERMAN. Al\O .1 . R. \VILLlMISON, Prol.ein (!lui M!l (2 t-}-1.nduce.t1 confor-
mational change.'i in the S I5 binding .~ite 0/16S l-ibosomal RNA , .J. Mol. BiQI.. 275 (1998), 
pp. 453- 464 . 
1\1. Cli I.VER, A ssembly of the 30S noosomal subunit, B iopoiymcrs, 68 (2003). pp. 231- 249. 
L . 1-I OI.I>II::S Ar\O C . i\ l. CL:LVEH, Analy.'iis of conf 01Tlwti01U1l clumge.9 in 16S rRNA dming 
the COU1"se of JOS .mhuniL assembly, J . Mol. 8io1., 354 (2005), pp. 3'10- 3.')7. 
